Introduction {#S1}
============

Microphthalmia-associated transcription factor (MITF), the master regulator of melanocyte differentiation, promotes melanocyte lineage survival and plays a key role in melanoma progression. MITF is a basic helix loop helix leucine zipper transcripton factor that binds to a conserved M box in the promoters of tyrosinase and other melanocyte specific genes that regulate melanin synthesis and melanosome structure ([@R28]). MITF also promotes expression of genes that regulate melanoma proliferation and survival and has been termed a "lineage survival oncogene," being amplified in 10-20% of human melanomas ([@R24]).

The role that MITF plays in melanoma has been controversial. MITF can inhibit proliferation by directly activating expression of the cyclin dependent kinase inhibitors, p21CIP1 and p16INK4A ([@R4]; [@R35]). MITF can also promote survival and proliferation by activating anti-apoptotic factors, BCL2 and MLIAP ([@R19]; [@R37]), TBX2 ([@R6]), and the cell cycle dependent kinase, CDK2 ([@R17]). It has been proposed that the levels of MITF determine whether MITF promotes differentiation and cell cycle arrest or proliferation ([@R5]). In addition, signaling pathways and interactions with other regulatory proteins may regulate MITF activity. We have previously determined that MITF interacts with SWI/SNF chromatin remodeling enzymes to activate differentiation specific genes ([@R13]).

SWI/SNF enzymes are ATP dependent multisubunit complexes that disrupt histone-DNA contacts and promote chromatin structural changes ([@R47]). Mammalian SWI/SNF complexes are composed of the BRG1 or BRM catalytic ATPase subunit and 9-12 BRG1/BRM associated factors (BAFs). BRG1 and BRM have overlapping functions but are not always interchangeable and can interact with distinct transcription factors in vitro ([@R30]). Heterogeneous SWI/SNF complexes, generated by the alternative presence of either the BRG1 or BRM ATPase as well as by a specific BAF composition, may have distinct functions. For example, BRG1 and BRM can differentially regulate gene expression ([@R21]; [@R53]) and SWI/SNF complexes containing either the BAF250A or BAF250B subunit have opposing roles in cell cycle regulation ([@R38]). Thus, SWI/SNF subunit composition is an important determinant of SWI/SNF specificity.

BRG1 and BRM and other components of the SWI/SNF complex have been implicated in cancer. BRG1 or BRM expression is down-regulated in a wide array of human cancers. Loss of both BRM and BRG1 expression correlates with poor prognosis of non-small cell lung cancer ([@R22]; [@R44]). Other SWI/SNF components are mutated, deleted, or not expressed in many human cancer cell lines ([@R16]). Inactivating mutations in the INI1 subunit occur in the majority of malignant rhabdoid tumors ([@R49]). Re-introduction of SWI/SNF subunits into cancer cells that lack expression induces a flat cell morphology, cell cycle arrest, apoptosis or senescence, with reversion of the transformed phenotype, indicating that loss of SWI/SNF function contributes to tumorigenicity ([@R18]; [@R52]). Conversely, components of the SWI/SNF complex interact with the androgen receptor to promote androgen dependent prostate cancer proliferation ([@R33]; [@R34]). Thus, the role that SWI/SNF plays in cancer is complex and dependent on cellular context and potentially on subunit composition.

SWI/SNF enzymes are important regulators of cellular differentiation ([@R14]). In normal cells, key regulatory factors interact with SWI/SNF enzymes to promote myogenic, myeloid, erythropoietic, adipogenic, and neuronal differentiation. SWI/SNF enzymes can also promote differentiation of cancer cells. Introduction of the BRM subunit into gastric cancer cells that are deficient in BRM promotes expression of markers of intestinal differentiation and introduction of the INI1 subunit into malignant rhabdoid tumor cells differentiates these cells along the adipogenic pathway ([@R3]; [@R54]).

The status and activity of SWI/SNF components have been characterized in many cancer types, but poorly characterized in human melanoma. A recent report indicates that BRG1 is down-regulated in primary and metastatic melanomas ([@R2]). Moreover, it has recently been reported that down-regulation of the INI1 subunit of the SWI/SNF complex is important for bypassing oncogenic BRAF induced senescence in melanocytes and that the BRM subunit is associated with heterochromatic foci in senescing melanocytes ([@R1]; [@R51]). Because our previous work indicated that SWI/SNF enzymes are required to promote MITF mediated activation of melanocyte specific gene expression ([@R13]), we hypothesized that SWI/SNF enzymes are also critical regulators of melanoma differentiation and tumorigenicity.

We previously determined that in a tissue culture model of melanocyte differentiation, MITF promotes recruitment of BRG1 to the promoter of a melanocyte specific gene, chromatin remodeling, and activation of melanocyte specific gene expression ([@R13]). To determine the ramifications of the previously observed SWI/SNF/MITF interaction in melanoma, we characterized SWI/SNF subunit expression in normal human melanocytes and in established human melanoma cell lines. We found that normal melanocytes express high levels of all SWI/SNF subunits, including both the BRG1 and BRM catalytic subunits whereas several melanoma cell lines were markedly down-regulated in either BRG1 or BRM.

To characterize the role of SWI/SNF enzymes in the regulation of MITF target gene expression in melanoma and to distinguish between the roles played by BRG1 and BRM, we expressed BRG1 in BRG1 deficient SK-MEL5 cells. We found that expression of BRG1 enhanced melanoma differentiation and increased expression of MITF target genes that regulate pigmentation. Down-regulation of BRM in BRG1 deficient SK-MEL5 cells inhibited expression of many MITF target genes and reduced growth on soft agar. Our data indicate that both BRG1 and BRM containing SWI/SNF complexes interact with MITF to promote optimal expression of a subset of overlapping and distinct MITF target genes and that a functional SWI/SNF ATPase is required for aspects of melanoma tumorigenicity in vitro. Thus, we propose that SWI/SNF enzymes through their partnership with MITF are important epigenetic modulators in melanoma cells.

Results {#S2}
=======

BRG1 and BRM are not concomitantly down-regulated in melanoma cells {#S3}
-------------------------------------------------------------------

The loss of both BRG1 and BRM has been observed in some cancer cell lines ([@R16]) while only BRG1 or BRM is down-regulated in the pancreatic cancer cell line, MiaPaCa2, and in gastric cancer ([@R45]; [@R54]). It was recently shown that BRG1 is downregulated in a subset of primary melanomas ([@R2]), however, this study did not address whether melanomas are concomitantly down-regulated for both the BRG1 or BRM ATPases nor did it evaluate the status of other SWI/SNF subunits.

We characterized the expression of BRG1 and BRM and the expression of other SWI/SNF proteins in normal human melanocytes and established human melanoma cell lines. We found that melanocytes expressed high levels of both BRG1 and BRM when compared to HeLa cells (known to express high levels of many SWI/SNF components) and SW13 cells (known to be deficient in both BRG1 and BRM) but that BRG1 and BRM expression was variable in a number of melanoma cell lines ([Fig. 1A](#F1){ref-type="fig"}). SK-MEL5 cells, isolated from an axillary node metastasis ([@R42]), did not express BRG1 but had levels of BRM comparable to melanocytes. PMWK, derived from a primary melanoma ([@R50]), and YUMAC, derived from metastatic melanoma ([@R29]), had virtually undetectable levels of BRM but expressed high levels of BRG1 ([Fig. 1A](#F1){ref-type="fig"}). All the melanoma cells expressed high levels of several other SWI/SNF components, including the core subunits, INI1 and BAF155. Therefore, if the expressed SWI/SNF components are functional, then overall SWI/SNF activity in a subset of melanoma cells may be compromised by down-regulation of one SWI/SNF ATPase but not completely eliminated because the alternative ATPase is retained and the other core SWI/SNF components are also highly expressed.

In SK-MEL5 cells, BRG1 is down-regulated at the transcriptional level {#S4}
---------------------------------------------------------------------

Expression of BRG1 at the protein level was consistently undetectable in SK-MEL5 cells even when cultured under many different serum conditions and at different confluencies (data not shown). To determine if BRG1 is downregulated at the transcriptional level in these cells, we compared expression of BRG1 mRNA in SK-MEL5 cells with expression in normal human melanocytes and in other melanoma cells ([Fig.1B](#F1){ref-type="fig"}). SK-MEL5 cells expressed significantly lower levels of BRG1 mRNA than melanocytes and that there was not a compensatory increase in BRM expression. The level of BRG1 mRNA in SK-MEL5 cells was similar to that in BRG1 deficient SW13 cells ([Fig. 1B](#F1){ref-type="fig"}).

Ectopically expressed BRG1 localizes to the nucleus and assembles into a SWI/SNF complex that includes MITF {#S5}
-----------------------------------------------------------------------------------------------------------

Re-introduction of SWI/SNF components into cancer cells that lack expression has been demonstrated to result in cell cycle arrest, apoptosis, or differentiation, depending on the cancer cell type and the identity of the missing SWI/SNF subunit ([@R3]; [@R18]; [@R52]; [@R54]). To determine how BRG1 regulates the melanoma phenotype, we expressed epitope tagged BRG1 into BRG1 deficient SK-MEL5 cells by retroviral infection and selected a pool of cells. We obtained expression levels of BRG1 that were approximately twice that present in normal melanocytes ([Fig. 2A and B](#F2){ref-type="fig"}). SK-Mel28 melanoma cells express BRG1 at approximately twice the levels present in melanocytes ([Fig. 1A and B](#F1){ref-type="fig"}), thus the level of BRG1 expression that we obtained in SK-MEL5 cells is within a physiologically relevant range for melanocytic cells. We found that the selected cells grew slower (50% over a 6 day period) (data not shown) but could be propagated without loss of BRG1 expression (data not shown).

We did not see a compensatory decrease in BRM levels as a result of BRG1 over-expression. Interestingly, we observed a small increase in BRM mRNA and protein, suggesting that the BRG1 expressing SK-MEL5 cells had increased levels of functional SWI/SNF complexes containing both of the catalytic subunits ([Fig. 2A and B](#F2){ref-type="fig"}). Crosstalk between different subunits of the SWI/SNF complex has previously been reported but the mechanisms are not completely understood ([@R7]; [@R31]). Moreover, BRM levels have been shown to increase during differentiation ([@R36]). The increased levels of BRM that we observed correlated with a more differentiated phenotype (see below).

We detected epitope tagged BRG1 in approximately 100% of the selected cells and found that BRG1 localized to the nucleus ([Fig. 2C](#F2){ref-type="fig"}). Furthermore, ectopically expressed BRG1 interacted with other SWI/SNF subunits to form potentially active SWI/SNF complexes that also contained MITF ([Fig.2D](#F2){ref-type="fig"}). This indicated that the established SWI/SNF complexes containing the BRG1 ATPase might act as co-regulators of MITF activity in these melanoma cells.

Expression of BRG1 in SK-MEL5 cells increases pigmentation and resistance to cisplatin {#S6}
--------------------------------------------------------------------------------------

Melanoma cells are often less differentiated than their normal counterparts ([@R20]). SK-MEL5 cells retain MITF expression but are amelanotic, suggesting that differentiation specific gene expression is suppressed downstream of MITF (note MITF expression, [Fig. 2D](#F2){ref-type="fig"}). We found that ectopic expression of BRG1 in these cells led to a noticeable increase in pigmentation ([Fig. 3A](#F3){ref-type="fig"}). Consistently, we detected increased expression of tyrosinase and tyrosinase related protein 1 (TRP1), two enzymes important for melanin synthesis ([Fig. 3B](#F3){ref-type="fig"}). These results suggest that BRG1 can promote melanoma differentiation by activating MITF target gene expression. Over-expression of BRM to approximately four times the endogenous levels ([supple. Fig. 1A, B, and C](#SD3){ref-type="supplementary-material"}) did not increase visible pigmentation nor did it activate expression of most MITF target genes ([supple. Fig. 1D and 1E](#SD3){ref-type="supplementary-material"}), suggesting that when expressed at these levels, BRM cannot compensate for BRG1 in promoting differentiation of SK-MEL5 melanoma cells.

MITF is a lineage survival oncogene that is amplified in 10%-20% of human melanoma cells and can promote melanoma chemoresistance ([@R24]). The extent of melanoma differentiation can have an impact on chemoresistance because melanin acts as a sink that sequesters cytototoxic compounds ([@R8]; [@R10]; [@R39]; [@R48]). The MITF gene is not amplified in SK-MEL5 cells and these cells exhibit intermediate sensitivity to the alkylating agent, cisplatin ([@R24]; [@R46]). Because ectopically expressed BRG1 interacted with MITF and led to an increase in pigmentation ([Fig. 3A](#F3){ref-type="fig"}), we tested whether BRG1 could promote melanoma chemoresistance. We treated control and BRG1 expressing SK-MEL5 cells with cisplatin and found that expression of BRG1 significantly increased resistance as measured by a cell survival assay ([Fig. 3C](#F3){ref-type="fig"}). Thus, consistent with previous studies ([@R8]; [@R10]; [@R48]), we have correlated the status of melanoma differentiation with resistance to chemotherapeutic agents. Furthermore, our data is consistent with reports in other cancer types that have shown an increase in resistance to DNA damage upon re-introduction of BRG1 ([@R26]; [@R40]). These data suggest that the status of SWI/SNF enzymes in melanoma cells can have a significant impact on chemoresistance, an important issue in developing therapeutics against melanoma.

BRG1 is recruited to the promoters of differentiation specific MITF target genes and activates their expression {#S7}
---------------------------------------------------------------------------------------------------------------

We performed chromatin immunoprecipitations (ChIPs) to determine whether ectopically expressed BRG1 in SK-MEL5 cells is recruited to different classes of MITF target genes that regulate differentiation, proliferation, and survival. We detected BRG1 on the promoters of genes that encode enzymes needed for melanin synthesis, tyrosinase, tyrosinase related protein 1 (TRP1), and dopachrome tautomerase (DCT) ([Fig.4A and B](#F4){ref-type="fig"}). We also detected BRG1 on the RAB27A promoter. RAB27A is a recently identified MITF target gene that regulates peripheral transport of mature melanosomes ([@R9]). We also detected BRG1 on the p21CIP1 promoter, an anti-proliferative MITF target gene, associated with increased melanocyte differentiation ([@R4]). Thus, BRG1 was recruited to multiple promoters that regulate genes important for pigmentation and overall differentiation status.

We investigated whether BRG1 is recruited to the promoters of MITF target genes that regulate survival and proliferation. BRG1 was significantly enriched on the promoter of the melanoma inhibitor of apoptosis (MLIAP) ([Fig. 4A and B](#F4){ref-type="fig"}), an MITF target gene and a potent anti-apoptotic factor that is highly expressed in melanoma ([@R19]). However, we did not detect significant enrichment of BRG1 on the CDK2 promoter ([Fig.4A and B](#F4){ref-type="fig"}), an MITF target gene that promotes proliferation ([@R17]), nor on TBX2 or BCL2, other MITF target genes that promote melanoma proliferation and survival.

MITF plays an important role in the activation of each of the genes to which BRG1 was recruited, but is not the only transcription factor involved. To determine if MITF is required to recruit the BRG1 containing SWI/SNF complexes to these promoters, we down-regulated MITF expression with siRNA ([supple. Fig. 2A and B](#SD4){ref-type="supplementary-material"}), and performed ChIP analysis to detect BRG1. We found that down-regulation of MITF partially inhibited BRG1 recruitment to all MITF target promoters ([Fig. 4C](#F4){ref-type="fig"}). This suggested that an important mechanism by which MITF activates gene expression is by the recruitment of BRG1 based SWI/SNF complexes to target promoters.

To determine the consequences of BRG1 recruitment to MITF target promoters, we performed ChIP analysis to detect changes in histone modifications and RNA polymerase II recruitment. BRG1 recruitment to target promoters correlated with increased levels of histone 3 tri-methylation at lysine 4 (tri-MeH3K4), an epigenetic mark associated with actively transcribed promoters and/or increased recruitment of RNA polymerase II phosphorylated at S2 ([Fig. 4D](#F4){ref-type="fig"}). Thus, BRG1 recruitment to MITF target promoters led to changes in promoter structure and function indicative of increased transcriptional activity.

Ectopic expression of BRG1 resulted in increased tyrosinase, TRP1, DCT, RAB27A, p21CIP1, and MLIAP mRNA expression but did not have significant effects on the expression of other MITF target genes that promote proliferation ([Fig.4E](#F4){ref-type="fig"}). Thus, for the selected MITF target genes, recruitment of BRG1 to MITF target promoters primarily led to an increase in the expression of differentiation related genes as well as to increased expression of MLIAP, but not to other MITF target genes that promote proliferation.

BRM interacts with MITF and is required for MITF target gene expression {#S8}
-----------------------------------------------------------------------

Although ectopic expression of BRG1 promoted expression of MITF target genes associated with differentiation, these genes are not completely silenced in BRG1 deficient SK-MEL5 cells. To determine whether SWI/SNF complexes containing BRM also cooperate with MITF and contribute to the regulation of MITF target gene expression, we investigated whether BRM interacts with MITF. [Fig. 5A](#F5){ref-type="fig"} shows that BRM and other SWI/SNF subunits can be co-immunoprecipitated with MITF in SK-MEL5 cells.

BRM and the associated subunit, BAF57, were enriched at several MITF target promoters. Interestingly, while ectopically expressed BRG1 was not recruited to the CDK2 promoter, we detected significant levels of BRM, and while BRM was not significantly enriched on the p21 promoter, we detected significant levels of BRG1 (compare [Fig.4A and 4B](#F4){ref-type="fig"} with [Fig. 5B and 5C](#F5){ref-type="fig"}). Down-regulation of MITF with siRNA ([Supple. Fig. 2A and B](#SD4){ref-type="supplementary-material"}) also partially inhibited the recruitment of BRM to its set of MITF target promoters ([Fig. 5D](#F5){ref-type="fig"}), indicating that MITF contributes to the recruitment of BRM to the MITF target promoters examined, including CDK2. Therefore, heterogeneous SWI/SNF complexes containing either BRG1 or BRM may cooperate with MITF to regulate overlapping and distinct subsets of MITF target genes.

To determine whether SWI/SNF complexes containing BRM are required for expression of MITF target genes, we down-regulated BRM expression by retroviral transfer of small interfering RNAs (shRNAs) that target a sequence common in both BRG1 and BRM ([@R43]). Introduction of these shRNAs significantly down-regulated BRM expression in SK-MEL5 cells while BRG1 levels remained undetectable ([Fig. 6A](#F6){ref-type="fig"}). We found that in the absence of BRG1, down-regulation of BRM significantly inhibited the expression of multiple MITF target genes ([Fig. 6B](#F6){ref-type="fig"}). Interestingly, while over-expression of BRM in the absence of BRG1 did not activate pigmentation related gene expression, down-regulation of BRM inhibited expression of these genes. Thus, although BRM cannot compensate for BRG1, BRM is also important for expression of pigmentation related genes. The expression of MITF target genes that regulate survival and proliferation was also inhibited in BRM knockdown cells, including genes that were not affected by over-expression of BRG1. Although we did not detect significant enrichment of BRM on the TBX2 and BCL2 promoters, we found that down-regulation of BRM inhibited expression of these genes. Thus, the association of BRM with the TBX2 and BCL2 promoters may be transient or BRM may be indirectly required for expression of these genes. Together, these data suggest that either or both the SWI/SNF ATPases are required directly or indirectly for expression of multiple classes of MITF target genes.

We previously reported that BRG1 and other SWI/SNF subunits interact with MITF and can be detected at MITF target promoters in B16 mouse melanoma cells ([@R13]). To confirm that both BRG1 and BRM are required for expression of MITF target genes in these melanoma cells, we down-regulated both BRG1 and BRM in B16 mouse melanoma cells and found that the expression of multiple MITF target genes was also inhibited ([supple. Fig.3](#SD5){ref-type="supplementary-material"}). Thus, SWI/SNF activity is required for expression of MITF target genes in multiple melanoma cell lines.

While expression of BRG1 activated p21CIP1 expression, down-regulation of BRM resulted in a slight increase in p21CIP1 mRNA. A significant stimulatory effect on p21CIP1 expression was noted when BRG1 and BRM were down-regulated in B16 mouse melanoma cells ([supple. Fig.2](#SD4){ref-type="supplementary-material"}). Regulation of p21CIP1 expression is complex and dependent on multiple transcription factors, including p53 ([@R25]). Further work will be required to determine the precise role that SWI/SNF enzymes play in regulating p21CIP1 expression in melanoma cells.

We found that all the melanoma cells we assayed retained expression of either BRG1 or BRM and expressed high levels of several other SWI/SNF subunits. Furthermore, down-regulation of SWI/SNF activity by depletion of the sole ATPase, BRM, in SK-MEL5 cells and down-regulation of both ATPases in mouse melanoma cells, significantly inhibited expression of MITF target genes that promote proliferation and survival but not p21CIP1, an inhibitor of proliferation. Based on these data and the known role of MITF in promoting melanoma proliferation and the ability to grow on soft agar ([@R24]), we hypothesized that retention of functional SWI/SNF enzymes with at least one ATPase would also be required for melanoma tumorigenicity. Consistent with this hypothesis, we found that down-regulation of the sole ATPase, BRM, in BRG1 deficient cells significantly inhibited their ability to grow in soft agar ([Fig.6C and D](#F6){ref-type="fig"}). Therefore, similar to MITF, a critical level of SWI/SNF activity may be required to sustain aspects of melanoma tumorigenicity.

Discussion {#S9}
==========

MITF is the master regulator of melanocyte differentiation and is also a lineage addiction oncogene in melanoma ([@R32]). Because we previously found that SWI/SNF enzymes can interact with MITF to promote melanocyte differentiation, we investigated whether SWI/SNF enzymes regulate multiple classes of MITF target genes that have been shown to be important for melanoma oncogenicity. In this study, we have characterized SWI/SNF subunit expression in established melanoma cell lines and have determined that the BRG1 or BRM ATPAse is downregulated in a subset of these cells. We found that expression of BRG1 in BRG1 deficient melanoma cells promoted melanoma differentiation and visible pigmentation. BRG1 interacted with MITF, was recruited to MITF target promoters that regulate differentiation, as well as to the promoter of the melanoma inhibitor of apoptosis (MLIAP). Furthermore, BRG1 enhanced expression of these genes. These data reveal that SWI/SNF enzymes promote expression of MITF target genes important for pigmentation and survival in human melanoma cells.

The role that SWI/SNF enzymes play in regulating the status of melanoma differentiation may have a direct bearing on melanoma therapeutics. Melanomas are notoriously resistant to cytotoxic drugs and several studies suggest that melanoma cells possess lineage specific mechanisms for drug resistance. For example, the melanocytic enzyme, DCT, confers resistance to DNA damaging agents and melanosomes contribute to resistance by sequestering cytotoxic drugs and by increasing drug export ([@R8]; [@R10]; [@R39]). Furthermore, MITF promotes expression of survival genes that also contribute to chemoresistance ([@R24]). Consistent with our hypothesis that SWI/SNF enzymes promote pigmentation and MITF target gene expression, we found that BRG1 also increased the resistance of melanoma cells to cisplatin. In other cell types, SWI/SNF enzymes have also been shown to facilitate DNA repair and to protect cells against UV induced DNA damage ([@R26]; [@R27]; [@R41]). Thus, SWI/SNF enzymes may regulate melanoma chemoresistance by multiple mechanisms.

In addition to promoting differentiation, MITF activates expression of pro-proliferative genes such as TBX2 and CDK2, and is critically important for melanoma proliferation ([@R6]; [@R17]). In melanocytic cells, terminal differentiation is associated with activation of p21CIP1 and p16INK4A expression and cell cycle arrest ([@R4]; [@R35]). Thus, MITF's role in promoting both differentiation and proliferation is contradictory. Although the mechanisms have not been clearly elucidated, it has been proposed that low levels of MITF activity promote proliferation while higher levels of MITF activity are required for terminal differentiation ([@R5]). Consistent with this model and with our hypothesis that SWI/SNF enzymes are important regulators of MITF activity, we found that higher levels of SWI/SNF activity (achieved by the expression of BRG1 in deficient melanoma cells) promoted melanoma differentiation as well as high levels of p21CIP1 expression. A lower level of SWI/SNF activity that included one functional ATPase was necessary and sufficient to promote optimal expression of proliferation related genes. Because BRM did not compensate for BRG1 in promoting melanoma differentiation and because BRG1 did not promote pro-proliferative gene expression, an intriguing possibility is that heterogeneous SWI/SNF complexes composed of a specific ATPase regulate the different classes of MITF target genes. However, additional studies investigating the role of BRG1 in BRM deficient melanoma cells will be required to determine if the two ATPases play differential roles in regulating the different classes of MITF target genes or whether the observed results are due to alterations in total SWI/SNF activity.

Like the androgen receptor (AR) in prostate cancer, MITF has been classified as a lineage addiction oncogene that can activate survival and pro-proliferative gene expression ([@R23]). AR has been shown to recruit the SWI/SNF complex to transactivate target genes that promote proliferation and tumorigenicity ([@R34]). Disruption of this interaction inhibits androgen dependent prostate cancer cell proliferation ([@R33]). Similar to prostate cancer, we find that in melanoma, although SWI/SNF activity may be down-regulated to some extent by down-regulation of particular subunits, at least one functional SWI/SNF ATPase must be retained to promote aspects of melanoma tumorigenicity.

Materials and Methods {#S10}
=====================

Cell lines {#S11}
----------

Melanoma cells, SW13, and HeLa cells were from ATCC or from the Yale Cell Culture Core Facility (New Haven, Connecticut). Human melanocytes were from Cascade Biologics (Portland, Oregon) or Yale Cell Culture Core Facility. With the exception of melanocytes, all cells were grown in DMEM supplemented with 10% FBS. Human melanocytes were grown in Media 254 with added growth supplements (Cascade Biologics).

siRNA and shRNA {#S12}
---------------

Control siRNA and siRNAs targeting MITF were purchased from Dharmacon Inc. (Chicago, Illinois). Control and shRNA constructs targeting BRG1/BRM were provided by Stephen Smale (Howard Hughes Medical Institute, UCLA). The knockdowns are described in supplemental methods.

Antibodies {#S13}
----------

Antibodies used for Westerns and chromatin immunoprecipitations are described in supplemental methods

Immunocytochemistry {#S14}
-------------------

Immunocytochemistry was performed as described ([@R13]) using M2 FLAG antibody (Sigma) and goat anti-mouse-FITC (sc3699) (Santa Cruz). Images were taken with a Nikon Eclipse T2000-U fluorescence microscope at 40X magnification.

Cell extracts and immunoblot analysis {#S15}
-------------------------------------

Cells were lysed in 20mMTris (pH 7.4),150 mM NaCl, 2mM EDTA, 1% Triton X, 10% glycerol, supplemented with a protease inhibitor cocktail (Sigma). SDS-PAGE and Western blotting were carried out as described ([@R11]).

Co-immunoprecipitations {#S16}
-----------------------

Co-immunoprecipitations were performed as described ([@R13]) with FLAG M2-Agarose, MITF (C5) hybridoma supernantant, or BRM (rabbit) antibody. Species matched IgG (Upstate, Billerica, MA) was used as a control.

Chromatin immunoprecipitations {#S17}
------------------------------

Chromatin immunoprecipitations were performed as described ([@R12]) with the modifications described in Supplemental Methods. The purified DNA was amplified and analyzed by real-time PCR or run on an agarose gel, stained with ethidium bromide, and scanned with the Alpha Innotech FluorChem HD2 imaging system. Primers used for amplification are listed in Supplemental Methods.

RNA Isolation and Quantitative Real-time PCR {#S18}
--------------------------------------------

Total RNA was isolated with the Qiagen RNeasy mini kit and reverse transcribed as described ([@R15]). Quantitative real-time PCR was performed in SYBR Green Master Mix (Qiagen, Germantown, Maryland) with an Applied Biosystems Prism 7500 PCR system and analyzed with the SDS software. Human 18S rRNA gene was used as a control. Primer sequences are available upon request.

Cisplatin sensitivity and cell viability assay {#S19}
----------------------------------------------

SK-MEL-5 cells, SK-MEL-5 cells with empty vector (pBABE), and SK-MEL-5 cells with BRG1 (pBABE-BRG1) were seeded at a density of 6000 cells per well in a 96-well plate. After 24 h, cells were treated with 20 μM cisplatin for 72 h. Subsequent to drug treatment, cell viability was analyzed using the CellTiter 96® Aq~ueous~ One Solution Cell Proliferation Assay (Promega, Madison, Wisconsin).

Soft Agar Colony Formation Assay {#S20}
--------------------------------

Each well in a 6-well plate was coated with 1 mL of 10% FBS supplemented media containing 0.6% agarose. 5000 cells/well SK-MEL-5 cells expressing shBRG1/BRM or shLuciferase were plated in triplicate in DMEM containing 0.3% agarose, overlayed onto 0.6% agarose. Cells were incubated for 21 days, stained with 10mg/ml thiazolyl blue, photographed and scored. For each cell type, ten fields were counted and averaged.

Supplementary Material {#SM}
======================
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![A. Detection by Western blotting of SWI/SNF subunit expression in melanocytes from two different donors, eight human melanoma cell lines, SW13, and HeLa cells. Tubulin is a loading control. B. Detection of BRG1 and BRM mRNA levels by real time RT-PCR. mRNA levels were standardized to 18S rRNA and expressed as values relative to those in human melanocytes.](nihms-142773-f0001){#F1}

![A. Detection by Western blotting of ectopically expressed FLAG-BRG1 protein in BRG1 deficient SK-MEL5, SK-MEL5+empty vector (EV), or SK-MEL5+BRG1. FLAG-tagged BRG1 was detected with an antibody to the FLAG epitope and an antibody to BRG1. BRM levels in BRG1 deficient and BRG1 expressing cells were also probed. Tubulin is a loading control. B. Detection of ectopically expressed FLAG-BRG1 and BRM mRNA levels by real-time RT-PCR. BRG1 and BRM mRNA levels were standardized to 18S rRNA and are shown relative to those in melanocytes. C. Detection of FLAG-BRG1 by immunocytochemistry using a FLAG antibody. D. Coimmunoprecipitation of SWI/SNF components and MITF in BRG1 deficient and BRG1 expressing SK-MEL5 cells. Top panel: Cell lysates were immunoprecipitated with M2-FLAG agarose or control mouse IgG and blotted with the indicated antibodies. Bottom panel: Cell lysates were immunoprecipitated with MITF hybridoma supernatant or control mouse IgG and blotted with the indicated rabbit antibodies.](nihms-142773-f0002){#F2}

![A. SK-MEL5, SK-MEL5+empty vector (EV), SK-MEL5+BRG1 cell pellets. Cells were grown to 90% confluency, pelleted, and photographed. B. Detection by Western blotting of tyrosinase and TRP1 in human melanocytes, SK-MEL5, SKMEL5+empty vector (EV), and SK-MEL5+BRG1. Tubulin is a loading control. C. Sensitivity of BRG1 deficient and BRG1 expressing melanoma cells to cisplatin. SK-MEL5, SK-MEL5+empty vector (EV), SK-MEL5+BRG1 cells were treated with 20 μM cisplatin for 72 h and assayed. These results were analyzed by Student's *t* test and are representative of two independent experiments performed in triplicate.](nihms-142773-f0003){#F3}

###### 

A. Chromatin immunoprecipitations (ChIPs) were performed in BRG1 deficient SK-MEL5+empty vector (EV) or SK-MEL5+BRG1 cells using a FLAG antibody or control IgG, and run on an agarose gel stained with ethidium bromide. 1% input is shown. MITF target promoters were amplified with primers that span the MITF binding site. CD25 is a negative control. B. ChIPs from A were quantified by real-time PCR. The results presented are an average of two or more independent experiments done in triplicate. C. Change in BRG1 recruitment to MITF target promoters in SK-MEL5+BRG1 cells expressing siRNAs that target MITF compared to SK-MEL5+BRG1 cells expressing a control siRNA. BRG1 recruitment was analyzed by ChIP analysis as in Fig. 4B. The data is the average of two independent experiments performed in triplicate. All values are statistically significant at p\<.01. D. Fold increase in trimethylation at histone H3 (K4) and RNA polymerase II (phsophoS2) recruitment at MITF target promoters in SK-MEL5 expressing BRG1 compared to that in control SK-MEL5 cells. The data is the average of two independent experiments performed in triplicate. E. MITF target gene expression in SK-MEL5+empty vector (EV) and SK-MEL5+BRG1 cells. mRNA levels were quantified by real-time RT-PCR. These results are an average of greater than three independent experiments performed in triplicate.
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A. Co-immunoprecipitation of SWI/SNF components and MITF in BRG1 deficient SK-MEL5 cells. Top panel: Cell lysates were immunoprecipitated with an antibody specific for BRM or with control rabbit IgG and blotted with the indicated antibodies. Bottom panel: Cell lysates were immunoprecipitated with MITF hybridoma supernatant or control mouse IgG and blotted with the indicated rabbit antibodies. B. Chromatin immunoprecipitations (ChIPs) were performed in BRG1 deficient SK-MEL5 cells using antibodies to BRM, BAF57, or control IgG, and run on an agarose gel stained with ethidium bromide. 1% input is shown. MITF target promoters were amplified with primers that span the MITF binding site. CD25 is a negative control. C. ChIPs from B were quantified by real-time PCR. These results are an average of two independent experiments performed in triplicate. D. Change in BRM recruitment to MITF target genes in SK-MEL5 cells expressing siRNAs that target MITF compared to SK-MEL5 cells expressing a control siRNA. These results were analyzed by Student's *t* test and are representative of two independent experiments performed in triplicate. MLIAP was statistically significant at p\<.05, all other values are significant at p\<.01.
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![A. Detection by Western blotting of BRM and BRG1 in BRG1 deficient SKMEL5 cells that express shluciferase or shBRG1/BRM. BRG1 expressing cells were included as a positive control for BRG1. Tubulin is a loading control. B. MITF target gene expression in control SK-MEL5 (shLuciferase) cells and in cells expressing shBRG1/BRM. RNA levels were quantified by real-time RT-PCR. The results presented are an average of greater than three independent experiments done in triplicate and analyzed statistically by Student's t test. shBRG1/BRM had a significant effect on all MITF target genes tested except for p21CIP1. C. The effect of BRG1/BRM down-regulation on the ability to grow in soft agar. These results were analyzed by Student's *t* test and are representative of two independent experiments performed in triplicate. D. Quantification of control and BRG1/BRM down-regulated cells on melanoma growth in soft agar. These results were analyzed by Student's *t* test and are representative of two independent experiments performed in triplicate.](nihms-142773-f0008){#F6}
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